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Genome projects involving Leishmania and other trypanosomatids have revealed that most genes in these
organisms are organized into large clusters of genes on the same DNA strand. We have previously shown that
transcription of the entire Leishmania major Friedlin (LmjF) chromosome 1 (chrl) initiates bidirectionally between
two divergent gene clusters. Here, we analyze transcription of LmjF chr3, which contains two convergent clusters of
67 and 30 genes, separated by a tRNA gene, with a single divergent protein-coding gene located close to the “left”
telomere. Nuclear run-on analyses indicate that specific transcription of chr3 initiates bidirectionally between
the single subtelomeric gene and the adjacent 67-gene cluster, close to the “right” telomere upstream of the
30-gene cluster, and upstream of the tRNA gene. Transcription on both strands terminates within the
tRNA-gene region. Transient-transfection studies support the role of the tRNA-gene region as a transcription
terminator for RNA polymerase II (Pol II) and Pol III, and also for Pol I.

Leishmania is a protozoan parasite (order Kinetoplastida)
which alternates life-forms between an intracellular amastigote
stage residing in vertebrate macrophages and an extracellular
promastigote stage living in the digestive tract of sandflies. The
numerous human-infective Leishmania species cause a spec-
trum of disease ranging from asymptomatic to lethal, resulting
in widespread human suffering and death, as well as consider-
able economic loss (35).

Leishmania, as well as other members of the Trypanosoma-
tidae family, possesses unusual mechanisms of gene expres-
sion, such as polycistronic transcription (13, 19) and RNA
editing of the mitochondrial transcripts (37). In these organ-
isms, the mature nuclear mRNAs are generated from primary
transcripts by frans-splicing, a process that adds a capped 39-
nucleotide (nt) miniexon or splice leader (SL) to the 5’ termini
of the mRNAs (27). The steady-state levels of most of the
mature mRNAs appear to be regulated posttranscriptionally
by mechanisms that involve their 3’ untranslated region se-
quences (23). Promoters for RNA polymerase I (Pol I) have
been extensively characterized in trypanosomatids (31, 44, 46),
as have some Pol III promoters (3, 26). However, little is
known about the sequences that drive the expression of pro-
tein-coding genes by Pol II.

The Leishmania haploid genome content is ~34 Mb, con-
sisting of 36 chromosomes which range in size from 0.3 to 2.5
Mb (40). The Leishmania Genome Network was established
with the support of the World Health Organization to map and
sequence the genome of Leishmania major Friedlin (LmjF),
the reference strain of the project. The sequence of chromo-
some 1 (chrl), the smallest in the parasite, revealed the pres-
ence of 79 putative genes, the first 29 of which are in a cluster
on the “bottom” DNA strand, while the remaining 50 are in a
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cluster on the “top” strand (21). Importantly, nuclear run-on
analysis of chrl showed that specific transcription, leading to
the production of stable transcripts, initiates within the strand-
switch region between these two clusters and proceeds bidirec-
tionally toward the telomeres (19). Stable-transfection studies
support the presence of a bidirectional promoter in this region
of chrl. It also appears that nonspecific transcription takes
place over the entire chrl, but at a level ~10-fold lower than
the specific transcription initiating in the strand-switch area
(19). Here we report the transcriptional analysis by nuclear
run-on of chr3. This chromosome contains 97 putative protein-
coding genes organized into two long convergent clusters,
which are separated by a tRNA™* gene (42). In addition, a
single divergent gene is located at the “left” end of the chro-
mosome. Our data show that Pol II transcription on chr3
initiates bidirectionally between the single subtelomeric gene
and the adjacent 67-gene cluster and near the “right” telomere
upstream of the 30-gene cluster. The tRNA™* gene is tran-
scribed by Pol III. Transcription on both strands terminates in
the tRNA-gene region.

MATERIALS AND METHODS

Culture and transfection of Leishmania. Promastigotes from L. major
MHOM/IL/81/Friedlin (LSB-132.1) (LmjF) were grown in supplemented RPMI
1640 medium at 25°C and harvested in the mid-log phase. Electroporation and
luciferase assays were performed as previously described (45).

Molecular cloning into M13 and preparation of single-stranded DNA. DNA
fragments from chr3 were amplified by PCR and cloned into M13mp18 and
mp19 replicative-form DNA. Insert I was amplified with oligonucleotides 501-5
and 501-3" (Table 1), and fragment II was amplified with 502-5" and 502-3'.
LmjF3.0010 (gene 1) was amplified with oligonucleotides LRRP1-1 and
LRRP1-2, and fragment I1I was amplified with 1000-5" and 1000-3". LmjF3.0020
(gene 2) was amplified with oligonucleotides 1001-5" and 1001-3’, and fragment
IV was amplified with oligonucleotides 1002-5" and 1002-3". LmjF3.0030 (gene 3)
was amplified with D3PGDH-5" and D3PGDH-3', and LmjF3.0040 (gene 4) was
amplified with 2AEPAT-5" and 2AEPAT-3'. LmjF3.0050 (gene 5) was amplified
with oligonucleotides 1.952.4-5" and 1.952.4-3', and LmjF3.0190 (gene 19) was
amplified with U2AF23-5" and U2AF23-3'. LmjF3.0270 (gene 27) was amplified
with oligonucleotides 1.6202.3-5" and 1.6202.3-3', and LmjF3.0670 (gene 67) was
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TABLE 1. Primers used in this study

Primer Sequence (5’ to 3")

SOT-5" s ATGTAAGCTTAGGACGCTCTCGATCCAGTAAG
501-3’ ATGTGAGCTCCCAGTTGTCTCTTCCTAACGGC
502-5' ATGTAAGCTTAAGAGAACGGAAACCGATGACG
502-3".. ATGTGAGCTCTTGCTTTCTCTCGATCACCACG
LRRPI1-1 ATTCGAGAGAGGATGCGACTGGCAC

LRRP1-2 TCTGGAGGTGCTGGACATTGGAGGA

1000-5’ ATGTAAGCTTACCGCGAATGATAGAGAGGAAC
1000-3’ ATGTGAGCTCCTTGCGACTGTTCCACAGAGAC
1001-5’ ATGTAAGCTTTGCGATTTGTATCGGAACGAGG
1001-3’ ATGTGAGCTCCGCTATGTTCTTTGGCACGTGG
1002-5’ ATGTAAGCTTCGTATTTCTCCGTTCGGGTATC
1002-3"..... ATGTGAGCTCAAGCGAGAGCTGATGCAAAGTG
D3PGDH-5"... ATGTAAGCTTTGGGATCGGCTGTTTCTGCATC
D3PGDH-3'"... ATGTGAGCTCTGCAGCTCCTTGTTCGACCCAG
2AEPAT-5' ... ATGTAAGCTTATCAGTGCCTTTGGCGGTATCC
2AEPAT-3’ ATGTGAGCTCGTCAATGCCCATGGATTTGAGC
L952.4-5"..... ATGTAAGCTTGAGGCCAACCGTCGTGTATGAC
1952.4-3".. ATGTGAGCTCAAGATCAGCAATGCGGACGAAC
U2AF23-5". ATGTAAGCTTCATTGACTGTGCGACACTTCAC
U2AF23-3". ATGTGAGCTCACTGCTCCTTCTCCAGCTTCTC
L6202.3-5... ATGTAAGCTTGCGCCCTTCAAGTATTATACGC
L6202.3-3"... ATGTGAGCTCCTCCACAGAGAGCAGACAAGGC
L6910.7-5'... ATGTAAGCTTACTCCACTACAATGCACTGTGC
L6910.7-3" .o ATGTGAGCTCTAGAACGGTGATAATTCAACGG

2-int.1.6910.7/L6290.1-5".
2-int.L6910.7/L6290.1-3" .
L6290.1-5'...

ATGTAAGCTTTGTTGTTGGTTTCGCTTTGCTC
ATGTGAGCTCGATCGGCATTTGTGTAGGCATG
ATGTAAGCTTTAACCGCGCCTGAGGTGTACTC

L6290.1-5".............. ATGTGAGCTCTTCCATTCTTCAGCGCCGTAAC

int.L6290.1/tRNA-5
int.L6290.1/tRNA-3’
tRNA-Lys-5" ..
tRNA-Lys-3' ..

ATGTAAGCTTGGTGTGGACACGCTGACGAAAG
ATGTGAGCTCCGGCGTAATGTCAACGAAGACC
ATGTAAGCTTTGCCTACGGCTTTGTCCAGGAG
ATGTGAGCTCTTCAACACCCTCCCACCCACAG

HEL2-5" ..... ATGTAAGCTTGTGGCGGAAGAAGACGATGTGG
HEL2-3" .. ATGTGAGCTCCTTCGACGCCACCGTTGAGATC
L505.2-5".. ATGTAAGCTTTGTCTGACGGCACCGTCGATTG
L505.2-3".. ATGTGAGCTCGGGCGCATCACTGGATGATTGG

L7234.2-5' ATGTAAGCTTTCCATCGACGACGAGCTTGTAC
L7234.2-3"... ATGTGAGCTCGTGGACGCCCTTCTCACCTATG
MCO1-5". ATGTAAGCTTAGCGACATGTTTATGTAGCACG
MCO1-3". ATGTGAGCTCTGTCTTGACGCTAGTGAACGAC
EIF-2a-5". TCCTTCAGCTCTGTATTAGTCCG

EIF-2a-3". .CAATAACGAGCGTCCAGAGTGGA

2001-5". ATGTGAATTCTTATTGCTACCCTTCGTCTCAC
2001-3". ATGTGCATGCGCCAATTTCAACTGTTCAAGTC
2002-5". ATGTGAATTCACCGTGGCACGAACAATAAACG
2002-3". ATGTGCATGCGACAAGCTTCCGCTCAGCAGAC
2003-5". ATGTGAATTCGTCGTCGCAGTTTGTTCTCCTG
2003-3"............ ATGTGCATGCCGCACTCCTATGGGTTAACGTG

tRNA cluster-5'.
tRNA cluster-3'.
LRRP1-RT' ...
LRRPI1-nested...

LRRP1-nested 2...
LRRPI1-nested 3...
1.952.3-nested 1 ....
1.952.3-nested 2 ....
1.952.3-nested 3 ....
1.952.3-nested 4.

.GAAGGACAGACAGTTGGGACCA
TACCAGGTTCAGGTGGGAGGAA
.CAGATGTAGTGGTCGCAGTGATTG
.GCACGTGTATCGGTCGTCAAGATT
TCTGGTTGTGCTTGCAATCGTC
TTGTCACAGTCCTGTGTGCGAGGT
AAGCGATTGAAACGGATCAAA
AGGACAGAAGGATACACCAGATGC
AACAGTGCCTGCGCACCACATCT
.GGATAGTAGTGGCACGACCTTT

Miniexon ............... AACGCTATATAAGTATCAGTT

D3PGDH-nested 3...
D3PGDH-nested 4...
D3PGDH-nested 5...
EIF-2a-
EIF-2a-

.CTGTCAGGTGACAGAGATGATG
.GCGACACCTTTCGTAAGTACTT
ACTTGAGCCAACAATCACCTCC
RT...... TGCGGCCTACCTTGATTAGCTTTC
nested TCACCTCCGTGTACGGAATAATGC

EIF-2a-21 ....... .CAGAGCAGAAGCGACACACCATT
Nested(dT). .CCTCTGAAGGTTCACGGATCCACATCTAGA(T),sVN
B1.. .CCTCTGAAGGTTCACGGAT

.................................................................................................................. CACGGATCCACATCTAGAT

Continued on following page
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TABLE 1—Continued

Primer Sequence (5’ to 3")

L6290.1-PA-1....
L6290.1-PA-2.

.GTTACGGCGCTGAAGAATGGAA

ATGTGGATCCTGGTGAATGTAGCAGCGACACG
.CGATCCCCACGGAGTGCGCCCCCCTTGGCTGCGCCAAGCC
.GGCTTGGCGCAGCCAAGGGGGGCGCACTCCGTGGGGATCG
.ACACAAGCACGGGAGCTGCGGTGA
.TTGCGAAGCATTCCTAGCTCAGT

amplified with 16910.7-5" and 1.6910.7-3". Fragment V was amplified with prim-
ers 2-int.1.6910.7/1.6290.1-5" and 2-int..6910.7/1.6290.1-3'. LmjF3.0680 (gene 68)
was amplified with oligonucleotides 1.6290.1-5" and 1.6290.1-5', and fragment VI
was amplified with  int.L6290.1tRNA-5" and int.L6290.1/tRNA-3".
LmjF3.tRNALys.01 (tRNA™* gene) was amplified with oligonucleotides tRNA-
Lys-5" and tRNA-Lys-3’, and LmjF3.0690 (gene 69) was amplified with HEL2-5’
and HEL2-3'. LmjF3.0700 (gene 70) was amplified with oligonucleotides
L505.2-5" and L1505.2-3', and LmjF3.0880 (gene 88) was amplified with
L7234.2-5" and L7234.2-3". LmjF3.0950 (gene 95) was amplified with oligonu-
cleotides MCO1-5" and MCO1-3', and LmjF3.0980 (gene 98) was amplified with
EIF-2a-5" and EIF-2a-3'. Fragment VII was amplified with oligonucleotides
2001-5" and 2001-3’, and fragment VIII was amplified with 2002-5" and 2002-3".
Fragment IX was amplified with oligonucleotides 2003-5" and 2003-3". LmjF chrl
genes 27 to 32 and fragments AC and DE and fragments R-1 to R-4 from the
rRNA locus of LmjF were previously described (19). The tRNA fragment from
chr23 (306 bp), which contains two tRNA genes (tRNAM®t and tRNA"), was
amplified by PCR with primers tRNA cluster-5' and tRNA cluster-3'. After
transfection of DH5«aF’ competent cells (Invitrogen), single-stranded DNA was
purified from colorless plaques with the QIAprep Spin M13 columns (QIAGEN)
as specified by the supplier. The orientation of each insert was confirmed by
sequencing using the M13 —21 primer.

Nuclear run-on assays. These experiments were performed with mid-log LmjF
promastigotes, as described elsewhere (19). In the assays carried out in the
presence of UV light, promastigotes (in a total volume of 15 ml) were irradiated
in petri dishes, with agitation, in a Stratalinker UV cross-linker (Stratagene).
After irradiation, cells were incubated for at least 1.5 h at 28°C to allow the
clearing of RNA polymerases engaged prior to irradiation. Elongation of nascent
RNA in the presence of transcription inhibitors was performed by preincubating
the nuclei with a-amanitin (Roche Molecular Biochemicals) or tagetitoxin
(Tagetin; Epicentre Biotechnologies) for 15 min on ice in lysis buffer. Nuclei
were next pelleted and resuspended in elongation buffer in the presence of the
drugs. Labeled nascent RNA was hybridized to Hybond filters (Amersham)
containing dots of 1 pg of single-stranded M13 DNA. Hybridization was per-
formed for 48 h at 50°C in a solution containing 50% formamide, 5X SSC (1X
SSCis 0.15 M NaCl plus 0.015 M sodium citrate), 0.2% sodium dodecyl sulfate,
4X Denhardt’s reagent, and salmon sperm DNA (100 wg/ml). Posthybridization
washes were carried out in 0.1X SSC and 0.1% sodium dodecyl sulfate at 65°C.

5" RACE analysis. 5’ rapid amplification of cDNA ends (5" RACE) experi-
ments were performed with 5 pug of total RNA from LmjF with a kit from Life
Technologies, Inc. For LmjF3.0010, the first-strand cDNA was synthesized with
primer 1000-5', and the PCR amplifications were carried out with nested primers
LRRPI1-nested 2 and LRRP1-nested 3. For LmjF3.0020, the first-strand cDNA
was synthesized with primer 1.952.3-nested 1 and the PCR amplifications were
done with 1.952.3-nested 2 and L952.3-nested 3. For LmjF3.0990, the cDNA was
produced with primer 2001-5" and the PCR amplifications were performed with
primers EIF-2a-21 and 2002-5". The nested PCR products were cloned into the
pGEM-T Easy vector (Promega) and sequenced. In a control experiment de-
signed to detect transcripts further upstream of the most 5" transcription start
sites (TSS) for LmjF3.0010, the first-strand cDNA was synthesized with primer
LRRP1-nested 3, and the PCR amplification was carried out with primer chr3-
tss2-5". In the control for LmjF3.0020, the first-strand cDNA was generated with
primer L.952.3-nested 4, and the PCR amplification was done with primer 1000-
3’. In the control for LmjF3.0980, the first-strand cDNA was synthesized with
primer 2002-5', and the PCR was performed with primer 2003-5’.

RT-PCR assays. The location of SL and polyadenylation sites for selected
genes was determined by reverse transcription (RT)-PCR. For LmjF3.0010, the
c¢DNA was prepared with oligonucleotide LRRP1-RT, and the PCR was carried
out with primers LRRP1-nested and miniexon. For LmjF3.0020, the cDNA was
synthesized with primer D3PGDH-nested 3, and the PCRs were carried out with
primers D3PGDH-nested 4 and D3PGDH-nested 5, together with miniexon.
The cDNA for LmjF3.0980 was prepared with primer EIF-2a-RT and the PCR
with primers EIF-2a-nested and miniexon. To map the polyadenylation sites for
genes 68 and 69, the cDNA was prepared with oligonucleotide Nested(dT). For
LmjF3.0680, the first PCR was carried out with primers 1.6290.1-PA-1 and B1.
The second PCR was done with primers 1.6290.1-PA-2 and B2. For LmjF3.0690,
the first PCR was performed with primers HEL2-PA-1 and B1, and the second
PCR was performed with primers HEL2-PA-2 and B2. The final PCR products
were cloned into the pGEM-T Easy vector (Promega) and sequenced. Transcrip-
tion termination sites were mapped by poly(A) tailing of total RNA, which was
performed by mixing 2 pg of total RNA, 1 ul of 25 mM ATP, 2 pl of 5X Poly (A)
Polymerase reaction buffer (U.S. Biochemicals), and 1,200 U of Yeast Poly (A)
Polymerase (U.S. Biochemicals) in a final volume of 20 pl. The mixture was
incubated for 20 min at 37°C, and the reaction was terminated by heating at 65°C
for 10 min. The cDNA was prepared with oligonucleotide Nested(dT). For the
tRNA gene (LmjF3.tRNALys.01), the first PCR was done with primers tRNA-
5’end and B1, and the second PCR was done with primers tRNA-5'end and B2.
For Pol II transcripts that originate upstream of the tRNA gene, the first PCR
was performed with primer tRNA-Lys-5' and B1, and the second PCR was
performed with primers tRNA-5"end and B2.

Plasmid constructs. To generate the constructs employed in the transient-
transfection experiments, a 339-bp fragment containing LmjF3.tRNALys.01 was
amplified by PCR with primers tRNA-Bam-5' and tRNA-Bam-3’. The PCR
product was then digested with BamHI and cloned into BamHI-digested
pNBUC (44) and pLMRIB (18). Clones containing the tRNA-gene fragment in
the sense orientation (pNT-5" and pLMT-5') and in the antisense orientation
(pNT-3" and pLMT-3") were identified by sequencing. To generate pLM72-5’
and pLM72-3', a 435-bp fragment from Chrl_0650 from LmjF chrl was ampli-
fied by PCR with oligonucleotides 72-Bam-5" and 72-Bam-3’. The BamHI-
digested PCR product was cloned into pLMRIB cut with BamHI. The
QuikChange XL Site-Directed Mutagenesis kit (Stratagene) was used to delete
the four Ts located downstream of the tRNA gene in pNT-5', pNT-3', pLMT-5',
and pLMT-3’, generating plasmids pNT-5'-AT, pNT-3'-AT, pLMT-5'-AT, and
pLMT-3'-AT, respectively. Primers tRNA-dTTTT-5" and tRNA-dTTTT-3’ were
used in these experiments. The absence of the Ts was confirmed by sequencing.

RESULTS

Nuclear run-on analysis of LmjF chr3. The organization of
the genes on chr3 suggests that transcription may initiate in
three different areas of the chromosome: between LmjF3.0010
and LmjF3.0020 (genes 1 and 2), upstream of LmjF3.0980
(gene 98), and in the LmjF3.tRNALys.0I region (tRNA gene)
(Fig. 1). Therefore, the nuclear run-on analysis used several
single-stranded M 13 DNA probes in and around these regions,
as well as a smaller number of probes from other regions
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FIG. 1. Effect of UV irradiation on chr3 transcription. Nuclear run-on assays were performed with nuclei isolated from 2 X 10® promastigotes
which were irradiated with three different intensities of UV light (1.25, 2.5, and 5 kJ/m?, as indicated below each panel). Run-on RNA was
radiolabeled by 6-min incubation, extracted, and hybridized to dot blots of single-stranded M13 DNAs (1 png) that contain inserts which are
complementary to the top (T) or bottom (B) strand of several regions of chr3. A control experiment with nonirradiated cells is shown in the left
panel. Control DNAs include genes 27 to 32 and fragments AC and DE from chrl, fragments R-1 to R-4 from the rRNA locus on chr27, and
a-tubulin. A map of chr3 is shown below the figure. Arrows indicate the regions of Pol II transcription initiation. The dashed arrow denotes the

putative initiation region for gene 68.

(genes 19, 27, 88, and 95) of chr3. In the absence of UV
irradiation (Fig. 1), the hybridization signal was, on average,
eightfold more intense on the coding strand (bottom strand for
genes 1 and 69 to 98, top strand for genes 2 to 68) than the
noncoding strand for most of the fragments. The single excep-
tion is the tRNA-gene (LmjF3.tRNALys.01) fragment which
showed strong signal on both strands (Fig. 1). The difference in
signal intensity between coding and noncoding strands for chr3
is similar to that (11-fold) found for LmjF chrl (19), as con-
firmed by the chrl controls (genes 27 to 32) shown in Fig. 1.
The signal obtained with some intergenic fragments (I, I, IV,
V, and VII) was weaker than that obtained with most of the
fragments that contain coding region, although other inter-
genic fragments (IIL, VI, VIII, and IX) showed signal as strong
or stronger than some of the coding-region fragments. Thus,
the hybridization signal likely reflects the rates of both tran-
scription and RNA abundance, due to the rapid RNA process-
ing in Leishmania, as well as other factors, such as the size and
G+C content of the fragment, and secondary structure within
the RNA.

Transcription initiation. At the left end of chr3 (genes 1 to
5), transcription on the bottom strand appears to initiate within
or near fragment III, since signal on this strand is limited to I,
IL, 1, and III (Fig. 1). Similarly, transcription on the top strand
seems to initiate near gene 2. At the right end, signal is seen on
the bottom strand up to and including fragment IX, suggesting

that transcription initiates within this fragment, close to the
telomeric repeats.

In order to confirm these results, nuclear run-on experi-
ments were performed with cells previously irradiated with UV
light. RNA elongation is arrested with UV irradiation by the
production of pyrimidine dimers in the DNA and inactivation
of transcription of a given sequence is a function of the dose of
UV and the distance to the transcription initiation site (33). In
trypanosomatids, irradiation with low doses of UV also inhibits
RNA processing, resulting in the accumulation of transcripts
from sequences situated adjacent to a promoter (6). We have
previously used UV irradiation and nuclear run-on analysis to
map the transcription initiation sites of LmjF chrl (19). The
results obtained with chrl and rRNA-gene promoter (18) con-
trols (Fig. 1) confirm that UV irradiation had the expected
effect, i.e., the hybridization signal was enhanced or not signif-
icantly reduced with UV irradiation for fragments closest to
the initiation region (AC and DE for chrl and R1 for rRNA),
while the signal was progressively reduced with high UV doses
(Fig. 1) for fragments further from the TSSs.

At the left end of chr3, the hybridization signal for fragments
within or close to the strand-switch region (1, III, and 2) re-
mained high even at the maximum dose, even increasing
slightly with low doses of UV irradiation (Fig. 1). Conversely,
the signal of the genes and fragments that are more distant
from the strand-switch area was progressively reduced (Fig. 1).
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FIG. 2. Relative rates of transcription as a function of UV intensity. (A to C) The results shown in Fig. 1 and another similar experiment (not
shown) were quantified, and the transcription signal for each clone, relative to the nonirradiated control, was plotted against UV dose. The average
slope (K) of the curves from each fragment was calculated using the equation K = (In Ry/R)/d, where R, is nascent RNA synthesis in nuclei made
from nonirradiated cells and R is nascent RNA synthesis at UV dose d (13). (D to F) K is plotted versus the distance from the putative promoter
to the midpoint of each fragment. (A and D) Gene 1 and fragments I, II, and III; (B and E) genes 2 to 5, 67, and 68 and fragment IV; (C and

F) genes 98, 95, and 88 and fragments VII to IX.

This can be seen more clearly when the relative signal intensity
is plotted against UV dose (Fig. 2A and B). This supports the
argument for the presence of transcription initiation on the top
strand (for genes 2 to 68) just upstream of gene 2 and on the
bottom strand (for gene 1) within or just upstream of fragment
III. Indeed, a linear relationship was observed between the log
of the relative signal intensity divided by UV dose and distance
from the putative TSSs (Fig. 2D and E). Therefore, it is likely
that a bidirectional transcription initiation region (or two
closely juxtaposed regions) is present between genes 1 and 2,
similar to the situation between genes 29 and 30 (LmjF1.0310/
XPP and LmjF1.0320/PAXP) on LmjF chrl (19).

In contrast to genes 3 to 67, the hybridization signal for gene
68 was not reduced with UV exposure as much as it would be
expected if its transcription started upstream of gene 2 (Fig. 1
and 2B). While transcription of gene 67 was reduced by 87%
with 1.25 kJ of UV/m?, transcription of gene 68 was reduced by
only 57% (Fig. 2B), and the pattern of signal reduction with
increasing UV is more similar to that seen with genes only 3 to
5 kb from a transcription initiation site (e.g., genes 3 and 4)
than that for gene 65 (Fig. 2B). Moreover, fragment V, which
is located between genes 67 and 68, did not show any appre-

ciable signal on either strand (Fig. 1). To determine if the lack
of signal observed with fragment V is an artifact, a riboprobe
corresponding to this fragment was generated in vitro and
hybridized to one of the filters containing chr3 single-stranded
DNA. Hybridization signal was detected in the corresponding
dot (data not shown), indicating that the RNA is capable of
hybridizing to that region. Thus, the lack of signal in the nu-
clear run-on experiments most likely indicates that fragment V
is not transcribed and that there might be a transcription start
region upstream of gene 68. It is notable that the intergenic
region between genes 67 and 68 is considerably larger (10 kb)
than any others seen on chr3 or chrl. However, it is also
possible that the relative resistance to UV irradiation of the
hybridization signal for gene 68 may be due to cross-hybrid-
ization with transcripts from another region of the LmjF ge-
nome that is located close to a TSS.

At the right end of chr3, the hybridization signal for gene 98
and fragment VII was not significantly reduced by UV irradi-
ation (Fig. 1 and 2C). The signal for fragment VIII was re-
duced only at the highest UV dose. By contrast, signals of the
other genes in the same cluster (genes 95 to 69) were strongly
reduced, even at the lowest UV dose (Fig. 1 and 2C). There-
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fore, transcription of that polycistronic unit appears to initiate
on the bottom strand within fragment VIII, which is supported
by the observed linear relationship between UV dose and
distance from the putative TSS (Fig. 2F). The rapid decrease in
signal intensity for fragment IX after irradiation with UV sug-
gests that the hybridization signal may be due to nonspecific
transcription (that is, transcription that does not originate from
a specific initiation site) or cross-hybridization with transcripts
from elsewhere in the genome.

The hybridization signal on the coding (top) strand of the
tRNA-gene fragment (LmjF3.tRNALys.01) remained high
even at 5 kJ of UV/m?, while the signal for the region imme-
diately upstream (fragment VI) was rapidly reduced by UV
irradiation (Fig. 1). Thus, it is likely that transcription of the
tRNA gene is initiated within the tRNA fragment, quite pos-
sibly by a promoter within the tRNA itself. By contrast, hy-
bridization signal on the noncoding (bottom) strand of this
region was considerably diminished with UV irradiation (Fig.
1), suggesting that transcription of this strand starts some dis-
tance upstream and probably represents a continuation of the
polycistronic transcription initiated within fragment VIII.

To accurately localize TSSs on chr3, the SL addition sites for
genes 1, 2, and 98 were first mapped (by RT-PCR) for each of
these genes and found to be 72, 33, and 308 bp upstream of the
corresponding start codons, respectively (Fig. 3A and B). Sub-
sequent 5" RACE analysis using primers upstream of the SL
site mapped two putative TSSs for gene 1, 705 and 755 bp
upstream of the start codon (Fig. 3A). These TSSs are located
immediately upstream of fragment III, in agreement with the
nuclear run-on results. A single TSS was localized 371 bp
upstream of gene 2 (Fig. 3A), again in agreement with the
results from the nuclear run-on. Two putative TSSs were lo-
cated 868 and 885 bp upstream of gene 98 (Fig. 3B), within
fragment VIII in agreement with the nuclear run-on data.
Control experiments designed to detect transcripts further up-
stream of the most 5’ TSS for genes 1, 2, and 98 did not show
any amplified bands, confirming that there is very little, if any,
transcription in these regions of chr3.

The 247-bp region which separates the most 5" TSSs for
gene 1 and gene 2 does not show any substantial sequence
identity with the region upstream of the TSSs of gene 98, the
putative promoter region for LmjF chrl (19), or the SL pro-
moter region of chr2 (16). As previously seen for chrl, no
TATA box or any other typical Pol II promoter elements are
apparent, and the GC content (55%) is similar to that of the
entire strand-switch region (51% GC), although it is somewhat
lower than chr3 (and the genome) as a whole (63%).

Pol II and Pol III transcription. In order to identify which
RNA polymerase(s) is involved in transcription of chr3, nu-
clear run-on experiments were performed in the presence of
a-amanitin, which inhibits Pol II, and tagetitoxin, which selec-
tively inhibits Pol III (36). High concentrations of a-amanitin
(1 mg/ml) totally abolished the signal on all the chr3 fragments,
while the rRNA-gene controls remained unaffected (data not
shown), indicating that chr3 is not transcribed by Pol I. This
concentration of a-amanitin, however, does not distinguish
between Pol II and III transcription, since Pol III is also in-
hibited by high concentrations of a-amanitin. In experiments
carried out with a-amanitin (200 pg/ml), the signal for genes 3
and 4 was totally abolished and that of a-tubulin control was
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reduced by 92%, while the signal for 18S rRNA was not af-
fected (Fig. 4). In contrast, the signal intensity obtained with
the coding (top) strand of the tRNA-gene fragment (LmjF3.
tRNALys.01) and a control fragment that contains two tRNA
genes (tRNAM¢* and tRNA™") from chr23 of LmjF was sub-
stantially (85 and 65%, respectively), but not completely, re-
duced by a-amanitin (200 pg/ml), as would be expected for Pol
IIT transcription. This was confirmed by the use of 160 uM
tagetitoxin, which reduced the signal intensity on the tRNA
coding strand by 52 and 87%, respectively, for the chr3 and
chr23 tRNA genes (Fig. 4). In contrast, the signal for the
noncoding (bottom) strand of the chr3 and chr23 tRNA genes
was not affected by tagetitoxin but was strongly reduced (88
and 98%, respectively) with a-amanitin (Fig. 4). Transcription
of the chr3 protein-coding (genes 3 and 4) and rRNA (18S)
genes was not inhibited by tagetitoxin, as expected for Pol II
and Pol I, respectively. Therefore, these results suggest that
LmjF3.tRNALys.01 is transcribed by Pol III while the remain-
ing chr3 genes are transcribed by Pol II.

Transcription termination. The nuclear run-on analysis of
chr3 (Fig. 1) suggests that transcription of both the top and
bottom strands terminates within the tRNA-gene fragment,
since signal intensity was substantially reduced for the top
strand fragments to the right of this region and for bottom
strand fragments to the left. To determine the transcription
termination sites on chr3, RT-PCR was performed with total
RNA that was poly(A)-tailed in vitro. Transcription of the
tRNA gene was found to end within the run of four Ts located
downstream of the gene, as has been reported in other organ-
isms (1). In three of the clones analyzed, the poly(A) tail was
added after the third T, and in one clone it was added after the
fourth T (Fig. 5). When the first PCR was carried out using a
primer 5’ to the tRNA gene (presumably upstream of the Pol
III promoter) we found that the 3’ termini were located within
the tRNA coding sequence: out of 24 clones analyzed, 16 end
at position 259345 (C), 4 end at position 259344 (A), 3 end at
position 259346 (G), and 1 ends at position 259341 (C). Thus,
it appears that Pol II transcripts that originate upstream of
gene 68 (or upstream of gene 2) terminate within the antico-
don stem of the tRNA gene.

To functionally test the role of the tRNA-gene region in Pol
III and Pol II transcription termination, a 339-bp fragment (the
same one used for the nuclear run-on experiments) containing
LmjF3.tRNALys.01 (Fig. 5) was cloned, in both orientations,
upstream of the phleomycin-luciferase (ble-luc) fusion gene in
pNBUC, which does not contain any promoter, and between
the LmjF rRNA promoter and the ble-luc gene in pLMRIB
(Fig. 6A). The resultant constructs, pNT-5", pNT-3’, pLMT-5’,
and pLMT-3’, were transfected into LmjF promastigotes, and
transient luciferase activity was measured (Fig. 6B and C). The
luciferase signal obtained for the control which contains the
rRNA promoter alone (pLMRIB) was considerably (48-fold)
higher than that obtained for the control with no promoter
(pPNBUC), as expected for transcription mediated by Pol I and
Pol II, respectively. In the constructs with no promoter, the
presence of the tRNA gene in the sense orientation (pNT-5")
produced a 34% increase in luciferase activity, while the anti-
sense orientation (pNT-3") caused a strong reduction (74%) in
luciferase activity (Fig. 5B). In contrast, both constructs con-
taining the tRNA fragment downstream of the rRNA-gene
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4021 CACGCAGCAC GTGTATCGGT CGTCAAGATT GATGCCGCTG CGAGTGACAG GGCTCAAAGA ILmjF3.0010

4081 TGAGGAAGGG TCCGCCATgg agagtagtga tggggagaag aggtgtgaaa tgagaaccgt

(Gene 1)

4141 taagcccagc gccacactac agtgtgacggccatgagt ataccgcgaa tgatagagag
4201 gaacgccaga aaaggaatga ttgaaaggaa aaggggtgag agagtgagct gcaagagaca
4261 aggggaccac aaactcaacg ctgttttttt tttcgatgta taggcaactg aactacttca
4321 agggcagtat tagaggcaat catcggccaa agcacaaaaa aaaaacatcg cattacaggg
4381 gttaaaaaaa agattagtat tgtgcgtgtc tggttgtget tgcaatcgte cccggtcaag III
4441 gggcacttgg aactgagttc atggcattgg cggccgtccc tggaaggaaa cgaaagcgca
4501 agcgaaggag gggccgtcag ttcataatca agaggtgcgg ccttgtgact gacgccaage
4561 agctatgccg ggacgagttg agggaagtgg tttgtgtagt ggagtggtat actgtgcgeg
4621 ggagcgagag ggaagctgtc acatgttttc actgtgcccg tcaaacgtag gecggttcatt
4681 gaatttgtca cagtcctgtg tgcgaggtcg aggcagtgac atcatcgaag agatcatcac
4741 ctgtagggac tcccaggtgt cgtctctgtg gaacagtcgc aaggaacacg gcgttgttgg

4801 aaaggagcaa ggtgaagcac ctcatatttt gccccctggt tttgcggcag cgttcccgeg
4861 tctgcacgta cgaggagggg ggacgctctt gcaggcggca actatgcggce ggacgtcctce
4921 acacaagcac gggagctgcg gtgaagcatc tgtcgcatct gaaggggggg gatcaaggaa
4981 cggaggagca ggcgcgctag tggtcgcaaa tatttttttt cagcggtgag agcagactgt
5041 E&ﬁﬁtctgcg gatacttttc aagaatccgc aaaaaaaaaa cgattttctc tctctacggce

5101 kccgcccagt geccttgaage accagggttt gcagcttact gtgetttgtce gcaggtgctg
5161 gacttgaggt ttgcattgtt gaaagcagta ctccacaata cttataatct gttctgcacc
5221 aggataaact gcgaaggtct gcaacacaaa aggtcgtgcc actactatcc ctgtagttca
5281 tgcacaggtg gctcctccgg tttcgcagac gagtgtgtgg agatgtggtg cgcaggcact
5341 gttgcatatt aaaagagcta aactccggct tttagcatct ggtgtatcct tctgtcecttt
5401 tgtttctggc gactttttga tccgtttcaa tcgcttagﬁc gcgataaaaa aagcacggcc

5461 tgtatacgga gATGACCACC GGTGCAGCCG ACAAGAAGCA CTTAGTTCCA CTTCTGGAGT LmjF3.0020

5521 TTTTGCGATT TGTATCGGAA CGAGGCAGGA GCCAAAGAGC CAGATTTCCG AAGCGGATCA

B

(Gene 2)

382141 GTTTCAACGT AGAACGGAAT GTCCTTGCCA TCCCATGAGG TAATGCCCAG GCACCCACAG LmjF3.0980

382201 ACAAACTTCT GCTGGCGCTT GTTCAGGTCA CGCATccact ctggacgctc gttattgcta

(Gene 98)

382261 cccttcgtct caccctccac aacctgcgeg gagagaattg tggccttcte aagaagcacc
382321 agcaagtggt ccagcgttct gcagtcaact ggaaccggga acggctccge taataggage
382381 tttcgccgcg ccaagctctg attgaggecgg aagtactctt ttggaacgge atagtagaca
382441 ttgtccgtcg ttcggcageca gcacttegtt ttgtagtcca cagtttcggg actatcggtg VII
382501 acacagtaag aagccatgct ttcgttgttg caaaatataa ttetttcgag ggggcggcac
382561 agggataccc acatcacata caaaaagtat cgaaacaaaa gagcagagag tagcgggaga
382621 cagagagagt tggcaaggag agccgagcat attatagaag agcagagcag aagcgacaca
382681 ccattaattc aaacgctgag gcaccgatgt acatcataaa gcagcgtaat ggctgtttcc
382741 cagtagcgga agaaaaagag atgagctcac aaggagttcg ctgcgtgaaa agacgacttg
382801 aacagttgaa attggctgtg tagacttgct caccgcaccg tggcacgaac aataaacgta
382861 catcgcattg geccttccact tcacaggctc ctctgcgett cttcacgecag cacacacaac
382921 ccaaaaccgt atatcctttt gctcagcaga atgaggtgct gcatcttttt ataagagatg
382981 ctgttcatct gatttcgcat cgagcagcta gctgctttta gtcacccgeca caaccagtta

383041 ccgctaattg tgaagtgcct gtaagcgcag agtaaaacgc agcaaaactg cgcaataatg

VIII

383101 cagcacatgc aaccgcaact' ctattgaaaa ttacagcaat cagagacgaa accttcccgt
383161 tgccaccacc tcgctgccgt gectggcage aacatagact cgaaacccce catatctgge
383221 cgtcgacaaa gacatcaaat ttccctactg ctccttttgt ctcaagacga ccggeccggga
383281 atacctgggc aggggggggc acgaccccca atagcacatg tggctgatac tgccatctte
383341 tttctcagtc gatgcgcaac gcttgecgcac gegtcgette aactcagett cecctgagagg
383401 aaagtgaccc ctcgtctgct gagcggaage ttgtcgtcge agtttgttct cctgcaccge

FIG. 3. Pol II transcription on chr3 initiates in two different regions. (A) Sequence between genes 1 (LmjF3.0010) and 2 (LmjF3.0020).
(B) Sequence upstream of gene 98 (LmjF3.0980). The two putative TSSs for gene 1, the putative TSS for gene 2 and the two putative TSSs for
gene 98 are indicated with the arrows. The SL acceptor sites (CT for genes 1 and 98, and AG for gene 2) are underlined and highlighted.
Protein-coding sequences are shown in capital letters and boldface type. The sequences of fragments III, VI, I and VIII are boxed.

promoter, pLMT-5" and pLMT-3’, showed a 69 and 63% de-
crease in luciferase activity, respectively (Fig. 6C). Control
experiments with vectors containing a fragment from the
Chrl_0650 gene in place of the tRNA fragment downstream of
the rRNA-gene promoter (pLM-72-5" and pLM-72-3") did not
show any significant reduction in luciferase activity (Fig. 6C).
Thus, these data indicate that the region containing LmjF3.
tRNALys.01 is capable of termination or attenuation of Pol I
transcription in either orientation and of Pol II transcription in
at least one orientation. The increase in activity seen in the
other (sense) orientation with pNT-5' presumably reflects the
presence of a Pol III promoter within this fragment, as sug-

gested by the nuclear run-on experiments with UV. RNase
protection assays performed with total RNA isolated from
transiently transfected cultures showed a 52% reduction in the
abundance of the luciferase transcripts with pNT-3’ and an
increase of 45% with pNT-5" (compared to the amount of
luciferase transcripts with the control pNBUC) (data not
shown). This indicates that the observed changes in luciferase
activity are a result of an increase or decrease in the abundance
of reporter gene transcripts. RT-PCR experiments carried out
with poly(A)-tailed RNA isolated from cells transfected with
pNT-5" and pLMT-5" showed that transcription terminates at
similar positions within the tRNA-gene fragment, including
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FIG. 4. Identification of the RNA polymerases that transcribe chr3.
Nuclear run-on RNA was radiolabeled in the presence of a-amanitin
(200 pg/ml) or tagetitoxin (160 wM) and hybridized to filters contain-
ing single-stranded DNAs from the tRNA"™* gene and genes 3 and 4
from chr3. A tRNA fragment from chr23 was used as a control, to-
gether with o-tubulin, small-subunit rRNA (18S), and mp18 vector
with no insert (M13). The left panel shows a control experiment per-
formed in the absence of any transcription inhibitor. Abbreviations: T,
DNA complementary to top strand; B, DNA complementary to bot-
tom strand.

the T tract and the C at position 259345, as described above for
the parental cell lines, although there was somewhat more
heterogeneity in the 3" ends. Thus, it appears the transcription
termination in these constructs accurately reflects the situation
within the wild-type locus.

In other systems, deletion of the short T tracts immediately
downstream of tRNA genes results in read-through transcrip-
tion (1). To determine the consequences of the loss of the four
Ts located downstream of the LmjF3.tRNALys.01 gene (Fig.
5), they were deleted from pNT-5', pNT-3', pLMT-5" and
pLMT-3’, to generate the vectors pNT-5'-AT, pNT-3'-AT,
pLMT-5'-AT and pLMT-3'-AT, respectively (Fig. 6A). Dele-
tion of the T tract in the promoterless sense orientation con-
struct resulted in a 42% increase in luciferase activity (compare
pNT-5"-AT and pNT-5 [Fig. 5B]), while deletion of the T tract
in the corresponding antisense construct (pNT-3'-AT) caused
a 106% increase in activity (Fig. 6B). Similar results were
obtained with the rRNA promoter constructs (pLMT-5'-AT
and pLMT-3'-AT), where deletion of the T tract resulted in 77
and 103% increases in luciferase activity, respectively (Fig.
6C). Therefore, the deletion of the T tract resulted in an
increase in the activity of the reporter gene in all cases, sup-
porting its role in termination of transcription on chr3. How-
ever, deletion of the four Ts did not restore luciferase activity
to the control levels, suggesting that other sequences such as
anticodon stem region also play an important role in transcrip-
tion termination and/or attenuation.

DISCUSSION

We have used nuclear run-on, RT-PCR, and transient-trans-
fection analyses to characterize transcription initiation and ter-
mination of LmjF chr3. Our data suggest that, like chrl (19),
specific Pol II transcription starts upstream of the most-5’ gene
of the two long polycistronic clusters. We have also identified
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a region where Pol III transcription starts for a tRNA gene
located at the convergence of these two gene clusters. Termi-
nation of Pol II transcription on both DNA strands, as well as
Pol III transcription of the tRNA, seems to occur within this
region. Thus, we have now characterized the transcriptional
organization of two entire chromosomes and have identified
sequences involved in both Pol II and Pol III transcription
initiation and termination.

Identification and characterization of the Pol II promoters
that drive the expression of protein-coding genes in trypano-
somatids has proven to be an elusive goal, complicated by
factors such as relatively low transcriptional activity and rapid
processing of primary transcripts. Putative promoters for actin
(2), hsp70 (15), and GARP (11) genes have been reported in
Trypanosoma brucei and Trypanosoma congolense, although
these conclusions remain controversial (5, 7, 20). Until re-
cently, the only Pol II promoter region that has been exten-
sively characterized is the one driving the expression of the SL
RNA (10). These findings, along with the apparent lack of
regulation of Pol II transcription and the observation that
episomal molecules are transcribed on both strands in Leish-
mania (41), have led to the hypothesis that Pol II has low
specificity in trypanosomatids and that transcription of protein-
coding genes can start indiscriminately throughout the genome
(14, 20, 39). However, transcriptional analysis of the entire
LmjF chrl (19) showed that the coding strand-specific Pol II
transcription that initiated in the strand-switch region between
the two long polycistronic gene clusters was at least 10-fold
higher than any nonspecific transcription which may have ini-
tiated randomly throughout the chromosome. These studies
localized several transcription initiation sites within a <100-bp
region, and transfection studies support the presence of a bi-
directional promoter in this region.

The results reported here for similar analyses of LmjF chr3
show that transcription of the coding strand was ~8-fold
higher than that of the noncoding region and that specific Pol
II transcription initiates in the strand-switch region between
LmjF3.0010 (gene 1) and LmjF3.0020 (gene 2), near the left
telomere, and upstream of LmjF3.0980 (gene 98) at the right
telomere (Fig. 1 and 2). In addition, there may be another Pol
II TSS in the large intergenic region upstream of LmjF3.0680
(gene 68). Since we did not include fragments from all the
genes on chr3, we cannot formally exclude the possibility that
there are other TSSs in other areas of the chromosome. As for
chrl, several TSSs were mapped in the strand-switch region
between LmjF3.0010 and LmjF3.0020, the most 5’ of which
were separated by only 247 bp (Fig. 3A). The region of initi-
ation of transcription at the right telomere appears to be uni-
directional (away from the telomere), but it also has multiple
TSSs. There is no substantial sequence homology between the
regions of transcription initiation identified on LmjF chrl and
chr3, and they do not contain any typical Pol II promoter
elements. Although each region contains one or two G or C
tracts, which can also found in the SL promoter region of chr2,
similar-sized G or C tracts are also found in other intergenic
regions throughout the genome. Thus, rigorously conserved
sequence recognition sites do not appear to be required for Pol
II transcription initiation in Leishmania.

Nuclear run-on and transient-transfection experiments (Fig.
1 and 6) indicated the presence of a Pol III promoter for the
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257761 TGATGAACAT CGATGTGGCT TGCTTTGGCC CATACACGGC CGGGTTTGCA GCGAAGCATG LmjF3.0680

257821 GTGTCAAAGT CTCCTGTGTG GCGAAGGACT TCAGGTCGTT TGACGGGTTC GCCGCCACCA

(Gene 68)

257881 TCGAGCAGCA TTACGCGAGT AGATGAgcca caggcgcctt gtgctgcgtg tgcgctcttce
257941 cgctgtectee agtgtctecgg cectgtcgatc tecgttgteg gtogtcecctta gegtegecge
258001 gccacgtaga agatgcctct gctcttggca cctccttget ctecttttagt §catccgttc
258061 égcgttccct catgacggcg gcacacacct ctcagtgcgt ggcatctcag agcccagtge
258121 ccccactctc tgtgaggagg gaggccaggc agccccgcecce tcctatccce ttgccaaatg
258181 ccgaaccact tctgctggtg gccaaggcgg agtgtctacg acatagaggg gtcagaacgce
258241 t§catcgcta cggatgtcgg cggtgatgtc ccgggcggcg ccgecgtcgga gtggectgeg
258301 gcagtgagca cgtctgtgcc atccacgtga tgggggagcg gctatgaggt gggcgggtgg
258361 agttcgaggc agaggcggtg cccagaggac tgaggcggcg cacgagcggt aacgcgcgceg
258421 tctacggctg ctcggcacca cgcgatgggg tgctgtggag cagggccggg tggctcgege
258481 ggcctttgag ctcccggtgt gttgtatggec agcgagacgg tgtggacacg ctgacgaaag
258541 aatttgttct gcgcttcagg tagcgtgtcg catcgacgac tcgccatcge tggggagtge
258601 tgcatggggt gggtgggtgg gtgcgtgtat gtgtctgtgt gaatgccgeg cgtccaaatg
258661 ggcgcctgac aggtacgcac gaattcgccc atagcgtgtg caggagtgtc tcgcgcaaag
258721 aggagtcgag caacctctct ccttgcgtgt atttttccat ggcccaacgg cgtgtcgtgg VI
258781 tgtgcggcgg ttatgcecgct ttccgtcgta tgtgttgtct ctcactgcga aagaatcaca
258841 gatgatgcgc gaacggttgc ccccceccece ctectegtet ccgecgtgagg gtcgcgaggg
258901 ttccccgagg cccgcggcga ccagccattg gaggcgtgcg tttecgtttg cgctgeggtg
258961 tgacgcatgc gagagggtcg cgacactacg ggaggggagg gggaggggcec accacccacg
259021 cccagttgac tggtggggtt tccgecgegeg tcgaggegge tagagacgec gcgaaccctg
259081 cacaggcaat caagtgaagg tcttcgttga cattacgeccg ccgcgcgttc ggtttctgea
259141 gcgttacact cgctcttctt cgcgtctctt ctgecctacgg ctttgtccag gaggcgaggg
259201 gccatgtggt ggtctctgcg ctgtcgagca ggggtgtgect cctcgtccce ttagaggagg
259261 cgcggcgccc gtaaagacga accacagctc aaccccgatg ctttccacct tgcgaaGCAT

259321 TCCTAGCTCA GTCGGTAGAG CGCACGGCTC TTAACCGTGT GGTCGTGGGT TCGATCCCCA

tRNAWYS

259381 CGGAGTGCGc ttttccccct tggctgcgec aagccccgee tgggectcte ggtaaacgge
259441 agcggccagg ccgctcgetg tecgtttttge ggggtcggge ctcggcccct gtgggtggga
259501 gggtgttgaa atgtggggtg ggtgttggaa tgtggggcgg gtgttgaaat gtggggtggg
259561, tgtkggaatg tggggegtgc gccgccgecy ‘tecttectete getttegete tetceettee
259621 tcccggcgcg cgcggcccge acgattccgg gaggttgcag gtggccgggg gcggcgggga
259681 cgagtgccgc cgatggacgc gcgtccaccg gcggcttgge tccagggcett gggtgattgg
259741 tagcgcgact cagggcggga tcactcgggc gtcacacacg caccgacata tcgttagaaa
259801 gcacgtttta Etaatgagga gctggccaag tcgcgacgag gaccggggcc ccctccecece
259861 cccctggege aaatccctgg ccacgcgtgt ccgccaccac cagccacgga ccacgacaag
259921 tccacgatgg cgcctctcgg gggggggcgt gtggcgctce atccacaacg gcgttagaaa
259981 cacccaagat aagacttcac agacgacgac cacgacgacg cataacaacg gtggaggagg
260041 agcgcggcag acagggagca tcacatcggce ggagttcggt cgaaccgacg agcaagcagce
260101 tcacgtgttg gcccatcagc ctcacatcac ccatcgecctt ccaccacaca cctgaaagac
260161 gtcttactag tgctactaCT ACTTCCTTGC GCGTCGCATC TCGGCGATGC GGGCCATCCA ImjF3.0690

260221 CTGCACCATC GCCAGCTCCT TGTCAATGTG CGGCCGCAGC TCGTIGCAGCT GGCTGGCGAA

(Gene 69)

260281 GTCCATCACG CCTAGCGTGC CGGCGTAGAA TTTGAGGTCC TCCTCCGCGA CGTTCTCGCC

FIG. 5. Sequence around the tRNA"™* gene (LmjF3.tRNALys.01). The tRNA™* gene fragment used in the nuclear run-on assays and cloned
into pNBUC and pLMRIB is highlighted. Also highlighted is the sequence of fragment VI. Coding sequences are shown in capital letters and
boldface type. The putative internal control elements for the tRNA gene, boxes A and B, are underlined, as well as the run of four Ts located
downstream of the gene and the C located at position 259345. The three putative polyadenylation sites for gene 68 and the two for gene 69 are

indicated.

tRNA gene in the strand-switch region between the two large
convergent gene clusters on chr3, although the drug inhibition
studies were not totally conclusive (Fig. 4). Assays performed
in the presence of 80 M tagetitoxin, a concentration reported
to inhibit Pol III in other trypanosomatids (8, 32), did not have
any appreciable effect on the hybridization signal (data not
shown) and the inhibition obtained with 160 wM tagetitoxin
was only 52%. Others have also reported conflicting results
when trying to identify the polymerase involved in transcrip-
tion of other small RNA genes in trypanosomatids (12, 32, 43).
The results obtained here could be explained by the fact the
339-nt tRNA-gene fragment contains 145 nt upstream of the
73-nt tRNA gene and thus this region is most likely transcribed
by Pol II (Fig. 5). Hence, the top strand of the tRNA-gene
region of chr3 appears to be transcribed by both Pol II and Pol
III, while the bottom strand is transcribed only by Pol II. The
noncoding (bottom) strand of the tRNA-gene cluster from
chr23 is also transcribed by Pol II, but it appears that the
coding strand may be transcribed by Pol III only (Fig. 4).
Comparison with tRNA sequences from other trypanoso-
matids and Saccharomyces cerevisiae indicated that the

LmjF3.tRNALys.01 gene contains the two DNA elements, box
A and box B (Fig. 5), typically located downstream of TSS in
tRNA-gene promoters in eukaryotes (9, 34). A few other Pol
III promoters have been characterized in trypanosomatids:
in T. brucei the genes coding for the small nuclear RNAs
(snRNAs) U2, U3, and U6, as well as the 7SL RNA, are
transcribed by Pol III (8, 24). All these genes have a diver-
gently oriented tRNA gene in their 5'-flanking region, and
boxes A and B from the neighbor tRNA genes are essential for
expression of the snRNAs and the 7SL RNA (24). The 7SL
RNA gene from Leptomonas collosoma also requires a com-
panion tRNA gene for efficient expression (3). In most cases,
the snRNAs and 7SL RNA genes also require intragenic reg-
ulatory elements to achieve a good level of expression (3, 25).
We have not yet ruled out the possibility that there is an
snRNA gene adjacent to the LmjF3.tRNALys.0I gene, al-
though none is apparent from the sequence.

In higher eukaryotes, mRNA (Pol II) transcription termina-
tion is a complex process that depends on the presence of a
functional poly(A) signal as well as other downstream signals
and factors (30). The polyadenylation sites for LmjF3.0680
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bars, standard deviations.

(gene 68) and LmjF3.0690 (gene 69) were mapped by RT-
PCR. Three polyadenylation sites were localized 145, 155, and
336 bp downstream of the gene 68 stop codon, and two sites
were mapped 368 and 440 bp downstream of the gene 69 stop
codon (Fig. 5). Nuclear run-on analysis indicated that Pol
II-mediated transcription of both large polycistronic gene clus-
ters appears to terminate in the strand-switch region between
these convergent clusters in the same vicinity as the Pol III-
mediated initiation and termination for the tRNA gene. This
conclusion was supported by RT-PCR experiments which iden-
tified a region within the tRNA gene where Pol II transcription
terminates on the top strand. Interestingly, all the termination
sites are located in the base-paired region of the anticodon arm
of the tRNA. Transient-transfection experiments (Fig. 6) and
RNase protection assays (data not shown) also support the role

of the tRNA-gene region in transcription termination. In most
tRNA genes, simple clusters of four or more T residues act as
signals to terminate transcription (28). Our data indicate that
the run of four Ts located immediately downstream of the
LmjF3.tRNALys.01 gene is involved in Pol III transcription
termination (Fig. 5). The T tract might also be involved in Pol
II termination, in conjunction with other sequences such as the
tRNA anticodon arm region. We have not yet determined the
exact location of transcription termination on the bottom
strand, although the nuclear run-on and RNase protection
data suggest that it occurs within the tRNA-gene region. In
Leishmania tarentolae, it has been shown that transcription of
the SL-RNA gene (transcribed by Pol II) is terminated by the
T tract located downstream of the gene (38). It is interesting
that the region containing the LmjF3.tRNALys.0l gene was
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also able to terminate Pol I transcription in transient-transfec-
tion studies. Although Pol I does not transcribe chr3, the fact
that the tRNA-gene region has the capacity to partially termi-
nate (or attenuate) Pol I transcription supports the role of this
region in termination of transcription. It is possible that the
tRNA-gene region contains sequences that potentially pro-
mote the release of any RNA polymerase from the template
DNA. Similar studies in 7. brucei found that a 2-kb region in
the PARP A transcription unit, was able to terminate Pol I
transcription (from rRNA, PARP, or VSG promoters), but was
unable to block transcription by Pol II (4).

In Saccharomyces cerevisiae, improper termination of two
convergent genes resulted in the reduced expression of both
genes by a mechanism known as transcriptional collision (29).
The presence of a termination region between the two conver-
gent polycistronic units on chr3 from LmjF suggests that Leish-
mania, like S. cerevisiae, might require separation of adjacent
Pol II transcription units by proper termination signals to avoid
transcriptional collision. It has been previously speculated that
Pol ITI-gene regions might act as Pol I terminators in 7. brucei,
since Pol III genes have been found at the 3’ boundary of Pol
II transcription units in several cases (17). This also appears to
be the case in many (but not all) of the convergent strand-
switch regions in LmjF (unpublished data).

The findings reported in this work significantly advance our
understanding of transcription of protein-coding genes in
trypanosomatids. Our data suggest that specific transcription
generally starts in the strand-switch region between the first
genes in two “divergent” gene clusters and terminates in the
strand-switch region where the polycistronic clusters converge.
The latter is often associated with Pol III transcription initia-
tion and termination of tRNAs and/or other small RNAs.
Since the trypanosomatid genome sequencing projects have
revealed that most genes are organized into large clusters (22),
the number of regions where Pol II transcription initiates in
these organisms is low compared to other eukaryotes—prob-
ably only a few per chromosome.
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